and is responsible for the repetitive action potential firing this channel, cause two forms of inherited human muscle disorthat causes the characteristic myotonic muscle stiffness ders: recessive generalized myotonia congenita (Becker) and dominant myotonia (Thomsen). The functional characteriza- [11] . In experiments with human muscle, Lipicky and tion of these naturally occurring mutations not only allowed Bryant [12] established that reduced g Cl is also the pathoa better understanding of the pathophysiology of myotonia, it mechanism for human myotonias [13] . Congenital myoalso provided important insights into the structure and function tonias thus represent one of the first known examples of the entire ClC channel family. This review describes recent experiments using a combination of cellular electrophysiology, of "ion channelopathies." molecular genetics, and recombinant DNA technology to study
The two forms of human myotonia have demonstrated the molecular basis of ion permeation and selection in ClCthe power of using naturally occurring mutations for type chloride channels.
structure-function investigations in a newly identified gene family [14] [15] [16] [17] [18] [19] . In 1991, Steinmeyer, Ortland and Jentsch cloned a muscle chloride channel, ClC-1, as the Voltage-gated chloride channels are ubiquitous and first mammalian ClC isoform [20] . ClC-1 is expressed play important roles in many physiological and pathoalmost exclusively in adult skeletal muscle fibers [20] , and physiological processes [1] . In recent years, a gene family when heterologously expressed in a number of systems, of voltage-gated Cl Ϫ channels, the ClC family, has been it exhibits several properties of native muscle chloride identified [2] [3] [4] [5] , enabling the study of basic features of channels [20] [21] [22] [23] [24] . The identification of mutations in this important ion channel class at the molecular level.
CLCN1 in patients with either recessive generalized The active site of an anion channel is an aqueous pore myotonia congenita [25] or Thomsen's disease [26] firmly that selectively permits the passage of anions while exidentified ClC-1 as the major muscle chloride channel. cluding cations [1] . Elucidating the structure and funcIn the last few years, many disease-causing mutations tion of this anion-selective ion conduction pathway is key have been identified in dominant and recessive myototo understanding the function of ClC channels. Structural nias. Because all myotonia-causing mutations cause a insights into the ion pore represent the first step for a considerable decrease of chloride conductance in afvariety of other studies, such as investigating conformafected muscle [27] , they are expected to interfere with tional changes during gating and channel regulation, or crucial channel function and may therefore be located rationally designing compounds to block or open these in regions of the channel protein responsible for these ion channels.
functions. Skeletal muscle is one of the first tissues in which anion conductances were described. Following the initial characterization in amphibian muscle [6-8], Bryant et al FUNCTIONAL PROPERTIES OF HUMAN ClC-1 demonstrated the physiological importance of this con- Figure 1 shows representative whole-cell patch-clamp ductance component in mammalian muscle fibers by recordings from a HEK293 cell stably expressing human showing that myotonia in the myotonic goat is due to a ClC-1 (hClC-1) [22] . Voltage steps from Ϫ165 mV to ϩ75 mV were applied from a holding potential of 0 mV. Upon membrane hyperpolarization, the current ampli- The permeability of fluoride is negligible because the resistance than outward movement of ions. This feature affinity of both sites is too small to allow fluoride to enter is critical for the biological function of these channels the ion conduction pathway. For other anions, hClC-1 because it allows generation of a high resting chloride selects by selective binding. High-affinity binding of cerconductance minimally interfering with the cation-driven tain anions reduces their turnover, and this feature deupstroke of the muscle action potential.
creases the permeability as well as the conductivity of Although hClC-1 channels are highly selective bethese anions [29] . Conduction properties of hClC-1 are tween anions and cations, exhibiting very small permenot determined by a single site. ClC channels are multiply ability ratios, P Na /P Cl or P K /P Cl The gating of hClC-1 is affected differently by occupaequation [1] can be used to calculate a permeability ratio tion of the external and internal binding site [18, 28] . sequence (values for P X /P Cl given in parentheses): Cl An investigation of gating features over a range of exter-(1) Ͼ SCN (0.9) Ͼ Br (0.6) Ͼ NO 3 (0.5) Ͼ I (0.3) Ͼ nal and internal iodide concentration permitted the de- (Fig. 3A) . The measurable termination of dissocation constant, K d , of both binding permeability of CH 3 SO 3 indicates that hClC-1 has a sites at multiple membrane potentials [28] . The K d of rather wide ionic pore with a diameter between 5 and 6 extracellular binding site for iodide is much smaller than Å [18, 28] .
that of the intracellular site and exhibits distinct voltage dependence. These characteristics are functionally im-ANION SELECTIVITY IN ClC CHANNELS portant, as they account for the observed inward rectification of hClC-1 channels [31] . In contrast to inwardly To understand how hClC-1 channels select between different anions and to gain insights into the permeation rectifying potassium channels [32] [33] [34] , inward rectification in hClC-1 is an intrinsic property of the channel and process, we performed a series of experiments in which various mixtures of permeant anions were included into can be explained as follows: As the dissociation constant of the external site is much smaller than the external the extracellular or intracellular solutions [18, 28] . ], the occupation of the external binding site saturates at positive membrane potentials. In contrast, anion NaCl by equimolar NaI in the extracellular solution on wild-type hClC-1 currents (Fig. 2 A-C) . External iodide binding to the internal site is very unlikely at depolarized voltages. These two features lead to a saturation of anion blocks chloride current over the whole voltage range by binding to a site within the ion conduction pathway with currents at positive potentials. At negative potentials, the intracellular binding site has an increased, voltagehigher affinity than Cl Ϫ [18] . Iodide ions remain longer at this site, which reduces their permeability and acdependent probability to be occupied. Occupation of the internal binding site destabilizes the external one nels with Cl Ͼ I selectivity, the rate-limiting step in anion permeation is the dissociation of anions from one of because of an electrostatic interaction between the two bound anions. This increases the rate constant for dissothese sites. Anions that bind with high affinity to this site are less permeant and cause a block of current flow ciation from the external site and leads to an increased conductance of hClC-1 channels at negative potentials.
by anions, which bind with lower affinity. In channels with I Ͼ Cl selectivity, the association, not the dissociaWhile the described properties of hClC-1 well explain the functional properties of this isoform, how does anion tion, of permeant anions to these binding sites is the rate-limiting step. For this reason, the permeability seselectivity occur in ClC isoforms with an inversed permeability sequence? To address this question, we tested a quence in these channels follows the affinity sequence of the binding sites. ClC channels with I Ͼ Cl permeability ClC channel construct with I Ͼ Cl selectivity, a ClC-3/ ClC-1 chimera that was generated by replacing the sequence differ from those with Cl Ͼ I in the absolute value of the interaction energy between binding site and D3-D5 segment of hClC-1 with that of rat ClC-3. This channel expresses well in tsA201 cells and has a selectivanion, not in the selectivity of these binding sites. This hypothetical selection mechanism can account for all ity sequence of SCN Ͼ NO 3 Ͼ I Ͼ Br Ͼ Cl [35] . Figure  2 shows current recordings with iodide as the only perexperimental results under biionic conditions and gives a rationale for the observation that channels with I Ͼ meant intracellular and extracellular anion (Fig. 2D) and after exchanging to an extracellular solution with 140
Cl permeability normally exhibit higher single channel amplitudes than those with Cl Ͼ I permeability. The mmol/L NaCl (Fig. 2E) 
IDENTIFICATION OF MOLECULAR A MODEL FOR THE MECHANISM OF SELECTIVITY IN ClC-TYPE DETERMINANTS OF ION SELECTIVITY IN ClC CHANNELS CHLORIDE CHANNELS
ClC-type chloride channels select between ions by se-
The selectivity mechanism of ClC channels requires special caution in the interpretation of changes of anion lective binding to several anion-selective binding sites. All sites prefer large or polyatomic anions over smaller selectivity pattern by site-directed mutagenesis. Point mutations at various locations within the ClC channel monoatomic ions and can be considered to be weak interacting sites in Eisenman terminology [1] . In chansequence affect anion selectivity [18, 19, 30, 37, 38] . As long-range interactions can have considerable influence of basic protein function. As we expect an evolutionary conservation of a core structural element of the pore of on the interaction between channel and permeant anion, an effect of a single amino acid exchange on ion conducClC channels, these findings suggest an important role of this domain for ion permeation. tion properties is not sufficient to establish that a region contributes to the formation of the ion conduction pathEvery amino acid substitution made within this region (designated the P1 region) affects the anion selectivity way. The first residue whose exchange altered ion permeability of a ClC channel was residue K519 in ClC-0 [30] .
of hClC-1 [35] . The P1 region is a major determinant of the binding affinities for anions and thus for anion Nevertheless, a subsequent analysis of neighboring residues did not reveal major effects on ion conduction propselectivity. In two of the eight positions (231 and 237), there is an association between substituted charge and erties, and allowed the authors to conclude that "these residues do not contribute critically to the selectivity anion selectivity [35] . Such an association implies a close interaction between the side chain and the permeating filter of ClC-0" [37] .
A disease-causing mutation in hClC-1, found in a famanion, and suggests that these two amino acid side chains-K231 and H237-protrude into the ionic bindily with Thomsen's dominant myotonia [26] , allowed the identification of a region that fulfills all of the criteria ing sites. Out of eight single substituted cysteines in the P1 refor a selectivity filter and pore-forming segment [18] . The G230E mutation, resulting in the substitution of a gion, three (K231C, P234C, and H237C) react with MTSET and MTSES, resulting in channel block [35] . glycine by glutamic acid carboxy terminal to the third transmembrane domain, dramatically alters the selectiv-K231C is only reactive to extracellular MTS reagents, whereas P234C and H237C react with only intracellular ity pattern of hClC-1 (Fig. 3A) . G230E hClC-1 channels are characterized by a SCN Ͼ I Ͼ NO 3 Ͼ Br Ͼ Cl anion reagents. As a short stretch of three amino acids cannot span the entire lipid bilayer, this result is only possible selectivity and a P Na /P Cl of 0.25 [18] . They are neither blocked by intra-or by extracellular iodide. These results if all three cysteines protrude into an aqueous pore that connects the extracellular and intracellular medium. can be explained by assuming that amino acid 230 is close to ion binding sites within the pore. An additional MTSEA, which has the same charge as MTSET, did not result in channel block, but in a change of channel gating negative charge at this position would weaken the interaction with the permeant anion and increase the off-rate and selectivity. MTSET (positively charged) and MTSES (negatively charged) both have a diameter of 6 Å (which constant. This would explain the higher permeability of larger and polyatomic anions (discussed earlier in this is larger than MTSEA and the estimated minimum pore diameter of hClC-1), and they effectively block current article). It would also make the electrostatic potential within the pore less positive, thus accounting for the flow. These results imply that the P1 region lines the most narrow part of the ClC pore. observed increase in cation permeability. Sequence comparisons reveal that G230 is part of a highly conserved The P1 region is responsible for the high anion to cation selectivity of hClC-1 [35] . Several mutations in eight amino acid stretch present in every ClC channel identified (GKxGPxxH; Fig. 3B ) [35] . In other protein the first four residues of the P1 region (GKEG in hClC-1) change the cation permeability. Estimating the elecfamilies, such a high degree of sequence conservation is common in regions that serve as structural determinants trostatic potentials near substituted cysteines by compar- ing the reaction rate with MTSES and MTSET [39] restates [40] . Experiments with the heterodimeric ClC-0 channel constructs demonstrated that the amplitude and veals that the cavity formed by the P1 region is inherently anion selective. Because two of these cysteine substituselectivity of each subconductance state only depend on one of the two subunits and are independent of the other tions (K231C and H237C) remove a positive charge, the conductance level [38, 41] . These results suggested that electrostatic potential in the WT hClC-1 will be even ClC channels have a unique "double-barreled" architecmore positive and could be fully responsible for the low ture with two identical and independent ion conduction cation permeability of ClC channels [35] .
pathways. The GKEG motif within the P1 region appears to be Identification of the P1 region that lines the narrow of special importance for ion selectivity in ClC channels part of the ClC pore allowed a novel experimental test [35] . Several results indicate that K231 projects into the for the pore stoichiometry of ClC channels. ClC channels ionic pore. Similar experimental approaches suggest that are symmetrical dimeric proteins [17, 38, 41, 42] . For a the negatively-charged side chain of E232 points away channel with two pores, accessible P1 residues will profrom the ion conduction pathway. Because of the flankject in two distinct conduction pathways, but in a channel ing glycine residues, the position of this two amino acid with only one pore, analogous residues from both subdipole is flexible and may be affected by interaction with units will face the same aqueous cavity [43] . The unique other parts of the ClC sequence. Small positional changes chemical properties of thiol side chains allowed the demcaused by alteration of the conformation of interacting onstration that in hClC-1, the P1 regions of two subunits regions of the protein may alter the electrostatic potenfunctionally interact with each other. Substituted cystetials close to the P1 region and account for the observed ine side chains at corresponding locations in both subisoform-specific permeation differences in ClC channels.
units are capable of forming a disulfide bridge (K231C) The identification of these channel regions remains an or coordinating a Cd 2ϩ ion (P234C, H237C). Chemical important question for ClC channel research.
modification of a single cysteine is sufficient to block the To identify other pore regions, we constructed a series channel, and the reaction rate of cysteine modification of chimeras by transplanting regions from ClC-3 to critically depends on the side chain present in the correhClC-1 [35] . Exchange of a region from D3 to D5 fully sponding residue of the other subunit [43] . These results converts isoform-specific anion selectivity. Within D5, indicate that two P1 regions jointly form a single cavity we have identified another highly conserved amino acid at the narrowest part of the ClC pore. This is incompatistretch, GVLFSI in ClC-1 (designated as P2), that toble with any molecular architecture containing more than gether with the P1 region lines the narrow part of the one pore per individual channel, and demonstrates that pore (Fig. 4A) [35] . Within these two regions, two posiClC-1 is a unipore channel similar to members of the tively charged side chains (K231 and H237) project into superfamily of voltage-gated cation channels. As it is the pore and represent likely anion-binding sites. The difficult to imagine that highly homologous proteins difcombination of cationic groups and hydrophobic side fer in such a fundamental property of quaternary archichains and backbone structures in the putative narrow tecture, it is likely that ClC channels generally have only pore can account for the experimentally observed higher a single pore. binding affinity for large and polyatomic anions [18, 28] .
How can a unipore channel account for the unique single channel characteristics of ClC-0 [38, 40, 
